A fundamental tenet of reliability theory is that the hazard function during NC machine tool's life cycle displays a bathtub curve, and the curve can be viewed as comprised of early failure period, random failure period and wear-out period. To eliminate the early failures and improve the reliability of NC machine tools, this paper proposes the model and steps of eliminating early failures for NC machine tool. Firstly, Weibull two-fold mixture model is chosen to establish the bathtub curve model of NC machine tool, and division between early failure period and random failure period is identified. Secondly, the formation of early failure period and mechanism of early failures elimination are studied, and an integrated model of eliminating early failures for NC machine tool is established with reliability design and analysis domain, reliability test domain and early failures elimination domain. Finally, an example of rotary table in NC machine tool is shown to illustrate the applicability and validity of the model.
Introduction
Numerical control (NC) machine tools are important manufacturers of other equipment in manufacturing industry, such as computer integrated manufacturing system and flexible manufacturing system. The reliability of NC machine tools directly influences the processing quality, productivity, and efficiency, and furthers market competitiveness and user's confidences [1] . Manufacturing industry in the world has long been troubled by reliability problems. Reference [2] shows that the number of failures occurred within first 1412h accounts for 53.3% of total failures in entire life cycle of NC machine tool, and reflects the early failures are the root cause of poor reliability of NC machine tools, so experts proposed that early failures of NC machine tool should be eliminated at the early failure period of entire life [3] . Until now, a number of models has been developed to estimate the reliability of products. The proportional hazard model, which was first proposed by Cox [4] , has been employed for different applications in lifetime data analysis. The Weibull proportional hazard model, as employed by Jardine [5] [6] , introduces a new concept in reliability of utilizing condition monitoring data as explanatory variables. However, they did not introduce the influence of early failure which is the root cause of poor reliability of NC machine tool. The failure rates of typical NC machine tool and its key function units could be described by bathtub curves [7] [8] [9] , the entire life of NC machine tool could be viewed 265 as comprised of 3 distinct periods (as shown in Fig. 1 ): early failure period, random failure period and wear-out period, and the identification of division between early failure period and random failure period could be the most important key to the reliability problem above. In this paper, an integrated model based on causes of formation of early failures and the mechanism of early failures elimination is first proposed to standardize the steps and implementation of reliability work in manufacturing industry, so it has the ability to improve the reliability of NC machine tool effectively.
The rest of this paper is organized as follows. In section 2, the bathtub curve model of NC machine tool, the causes of formation of early failure period and the mechanism of early failures elimination are studied. According to its result, an integrated model of eliminating early failures for NC machine tool is introduced in section 3. In section 4, a case analysis for rotary table in NC machine tool is organized explicitly to illustrate how this model works. Conclusions are givens in Section 5.
Basis of Early Failures Elimination
There is an obvious division between early failure period and random failure period, namely inflection piont (see reference [7] ), this means NC machine tool contains different failure characteristics under different failure mechanism in entire life. Weibull two-fold mixture model is the best choice to establish the model between early failure phase and normal operation phase [10] . The model has two time intervals T 1 and T 2 , which are separated by the t 0 , so T 1 ={0, t 0 } and T 2 ={t 0 , t} are obtained, the reliability function of the two-fold model is given by ( 
Rtcan be considered as the two-parameter Weibull probabilistic distribution, whose shape will depend on the parameters i  and i  . Two case will be considered here. Case I is 12   and case II is 12   . The reliability function of Weibull two-fold mixture model is 1 2 1 1 0
(1) It can be seen that t 0 is the time of inflection point, and the reliability function of this model and its probability density function are continuous at t 0 , so the function can also be expressed by: 
(6) Using the maximum likelihood method to estimate the parameters of Eq. (5) and Eq. (6), we can figure out the duration of early failure period of NC machine tool, it provides reference for early failures elimination of NC machine tool. This process is given by
is the nth failure in entire life cycle of NC machine tool, and i  is the interval between two failures. Actually, early failures seem more likely to occur in the new product during entire life cycle. There are several reasons responsible for this problem: new materials are adopted, new manufacturing processes are instituted, and some new structures and technologies are used in the new products. Therefore, the process of eliminating early failures should begin in the design stage of NC machine tool, that is, reliability design and analysis should be simultaneously implemented with product structure design. Through the analysis of collected failures data by using FMECA, the potential failures will be obtained, which is an important information feedback and will be used to correct the structure design defects. In the trial of prototype machine, reliability test design should be implemented at the same time, these works include the design and optimization of reliability test scheme aiming at the potential failures and the development of reliability test supervisory system and data acquisition system. When finishing the prototype machine, reliability testes are also implemented on it to stimulate the potential failures of NC machine tool. So reliability design and analysis is the theoretical basis of the early failures elimination technology, which is used to guide the reliability test to stimulate the potential failures. The goal of this reliability technology is to eliminate the early failures occur in the test through the effective improvement measures.
Model of Eliminating Early Failures
The integrated model of eliminating early failures for NC machine tool is shown in Fig. 2 , implementation processes of the early failure elimination are indicated by the solid lines and the connection between the conclusions of flows by dashed line. For simplicity, the integrated model is divided into three domains: reliability design and analysis domain, reliability test domain, and early failures elimination domain. The specific processes of the early failure elimination are given in the next section with a case study. 
A Case Study
Rotary table is a key function unit of NC machine tool, a typical structure of NC rotary table is showed in Fig. 3 . The function of NC rotary table is introduced as follows. The worm is driven by the motor through belt, and the 360° dividing function is realized by the rotation of table driven by worm wheel mechanism, and the dividing precision of the rotary table is 0.001°, which is guaranteed by the closed-loop feedback using circular grating, high enough to meet the high machining accuracy demands during 4-axis machining. Using four blind rivets and jaw mechanisms, the table can be locked in the rotary body. The cover enclosure is connected with rotary body by screws, which protected the inner structure from external adverse environmental impact. 
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The collected failure data of NC rotary table is obtained in China. According to Section 2, Weibull two-fold mixture model is used to fit these data, and the inflection point between the early failure phase and normal operation phase is 1532.71h. Based on the test conditions, the time of reliability test is set as 1532h in order to completely eliminate the early failures of NC rotary table. The detailed implement process is given in Fig. 2 .
Analysis of Potential Failures
The main potential failures of NC rotary table are as follows: the leakage of hydraulic oil, cooling liquid and gas, geometric precision superscalar, abnormal noise of transmission mechanisms. Through the analysis of these main potential failure modes by using FTA and FMECA, we can get the following conclusions: The leakage of cooling liquid is mainly caused by structure flaws of cover enclosure. Leakages of hydraulic oil easily occur in pipe joint and homemade clamp cylinder due to the poor quality of hydraulic components and lack of effective assembly process to guarantee the joint tightness. Excessive gaps between the hydraulic cylinder and piston are caused by manufacturing errors and inappropriate assembly. The greater changes of axial precision is caused by the great hot deformation in axial direction because of considerable amount of heat, which is the result of friction heating of worm wheel mechanism and the improper heat-dissipating design. Corrosion of ball and roller of bearing caused by leakage of cooling liquid accelerate the wears, what's more, metallic impurity in the cooling liquid intensify the damages of inner components of NC rotary table, and produce the abnormal noise during the rotation.
Reliability Test of NC Rotary Table
The discharge of cooling liquid, load, rotary speed, and the pressure of hydraulic system are regarded as stresses, and comprehensive stress profile is shown in Fig. 4 , including the specific parameters of comprehensive stress profile. In the test, some performance parameters need to be detected to check whether the early failures occur. Pressure transducer is installed in the oil distributor of hydraulic system to check whether there is leakage of oil. Meanwhile vibration signals of NC rotary table in x, y, z direction are sampled by three accelerometers installed in the base of rotary table. The amplitude and frequency of vibration signals are analyzed to monitor operation conditions of the inner components of NC rotary table, especially the bears and the worm wheel. 
Results of Test and Improvement Measures
In the paper, 1532h reliability test are conducted on three sample NC machine tool according to the parameters set in the stress profile, and there are a total of 6 failures occurred in the test, separately appearing at 78h, 210h, 439h, 514h, 793h, and 1038h. The analysis of these failures and elimination of measures are given in the Table 1 . Improve the structure of cover enclosure, adjust the position of screws, change jointing form from through hole to blind holes, and adopt mechanical labyrinth design.
After implementation of improvement measures, reliability test is conducted again to verify the validity of them. The results shows that the leakage of hydraulic oil, the loss of rotary accuracy, being unable to return to zero position and abnormal noise do not occur again in the test, so the improvement measures are feasible and effective. Finally, other key function units of NC machine tool, such as tool library, tray automatic exchange device, spindle, automatic guide vehicle, etc., are implemented by the process of early failure elimination to improve the reliability of NC machine tool systematically.
Conclusions
In this paper, an integrated model of eliminating early failures for NC machine tool are demonstrated systematically for the first time and an example of NC rotary table in NC machine tool is shown to illustrate the applicability of the model for eliminating early failures. Through the implementation of the early failures elimination technology, the defects of NC machine tool in design and manufacturing stages can be accurately found. As a result, the reliability of NC machine tool is quickly and efficiently improved in low-cost, which also verifies the integrated model for eliminating early failures is correct, feasible, and helpful for engineering application.
